Nucleotide sequences from strains of the four species currently in the genus Chlamydia, C. pecorum, C. pneumoniae, C. psittaci, and C. trachomatis were investigated. In vitro-amplified RNA genes of the ribosomal small subunit from 30 strains of C. pneumoniae and C. pecorum were subjected to solid-phase DNA sequencing of both strands. The human isolates of C. pneumoniae differed in only one position in the 16S rRNA gene, indicating genetic homogeneity among these strains. Interestingly, horse isolate N16 of C. pneumoniae was found to be closely related to the human isolates of this species, with a 98.9% nucleotide similarity between their 16S rRNA sequences. The type strain and koala isolates of C. pecorum were also found to be very similar to each other, possessing two different 16S rRNA sequences with only one-nucleotide difference. Furthermore, the C. pecorum strains truncated the 16S rRNA molecule by one nucleotide compared to the molecules of the other chlamydial species. This truncation was found to result in loss of a unilaterally bulged nucleotide, an attribute present in all other eubacteria. The phylogenetic structure of the genus Chlamydia was determined by analysis of 16S rRNA sequences. All phylogenetic trees revealed a distinct line of descent of the family Chlamydiaceae built of two main clusters which we denote the C. pneumoniae cluster and the C. psittaci cluster. The clusters were verified by bootstrap analysis of the trees and signature nucleotide analysis. The former cluster contained the human isolates of C. pneumoniae and equine strain N16. The latter cluster consisted of C. psittaci, C. pecorum, and C. trachomatis. The members of the C. pneumoniae cluster showed tight clustering and strain N16 is likely to be a subspecies of C. pneumoniae since these strains also share some antigenic cross-reactivity and clustering of major outer membrane protein gene sequences. C. psittaci and strain N16 branched early out of the respective cluster, and interestingly, their inclusion bodies do not stain with iodine. Furthermore, they also share less reliable features like normal elementary body morphology and plasmid content. Therefore, the branching order presented here is very likely a true reflection of evolution, with strain N16 of the species C. pneumoniae and C. psittaci forming early branches of their respective cluster and with C. trachomatis being the more recently evolved species within the genus Chlamydia.
Chlamydia species make up a major, phylogenetically distinct taxonomic group of eubacterial origin (42) . Currently, the genus Chlamydia includes four species: C. trachomatis, C. psittaci, C. pneumoniae, and C. pecorum. The species C. trachomatis and C. psittaci were the first species to be described and are thus the best characterized as to biology, genetics, and clinical significance. In recent years, new information resulting from use of monoclonal antibodies, restriction enzymes, and gene sequencing has emerged and contributed to proposals for reorganization of the taxonomy of these two species (25) . In a 1993 report on phylogenetic analysis of the ompA gene, the C. trachomatis species classification, formerly believed to be strictly a human pathogen, included isolates from other mammals previously classified as belonging to C. psittaci (25) . The human serovars of C. trachomatis cause sexually transmitted genitourinary infections, ocular infections, and trachoma, neonatal pneumonitis in infants born to infected mothers, and the systemic disease known as lymphogranuloma venereum (38) . In contrast, C. psittaci is a zoonotic pathogen now associated primarily with avian chlamydiosis. Humans can contract psittacosis through exposure to infected birds.
C. pneumoniae is one of the more recently recognized species and is most commonly known as a human respiratory pathogen that accounts for 10 to 15% of the cases of community-acquired pneumonia, bronchitis, and sinusitis in the United States (7, 8, 15, 16) . It has also been associated with certain chronic diseases such as asthma (19) , sarcoidosis (2) , and most recently, coronary artery disease (28) . Knowledge of the epidemiology and pathogenicity of C. pneumoniae has been challenged by the relative difficulty of its isolation and propagation from clinical specimens and the lack of availability of standardized laboratory tests, contributing to a general reluctance of clinicians to establish a laboratory-based diagnosis for this disease. In addition, the clinical significance of this species is not yet clear, since the agent has been isolated from asymptomatic and coinfected individuals (22) , suggesting that carriage may occur.
Evidence of variation within the species C. pneumoniae has accumulated in the form of antigenic variation measured by the microimmunofluorescence test (4) , morphologic diversity (35) , and isolation of strains of nonhuman origin (25, 39) . Comparison of RNA sequences of the ribosomal small subunit (16S) has proved to be an extremely powerful tool for phylo-genetic and evolutionary studies of bacteria (31, 44) . The phylogenetic relationship of C. pneumoniae to C. trachomatis and C. psittaci has been reported by Gaydos et al. (13) . Based on analysis of 16S ribosomal DNA (rDNA) sequences of two strains of C. pneumoniae, Gaydos et al. found that C. pneumoniae was more closely related to C. psittaci than to C. trachomatis. In a preliminary comparison performed by our laboratory of strains of C. pneumoniae of diverse geographic origins, three types of 16S rDNA genes were identified (5) .
The DNA sequence of the 16S rRNA gene and the characterization of the primary structure of the 16S rRNA molecule have not previously been published for the most recently described species, C. pecorum. This species consists of a group of ruminant strains associated with infectious polyarthritis, encephalitis, pneumonia, and diarrhea (10, 11) . Studies reporting that DNA-DNA similarity between C. pecorum and strains of other Chlamydia species is less than 10% (10) , immunological specificity of the major outer membrane protein (MOMP) gene (10) , and dendograms based on multistrain comparison of the MOMP gene sequence (25) have supported the classification of this new species C. pecorum.
In this report, we present sequence data representing approximately 90% of the 16S rRNA genes from 26 C. pneumoniae strains and 4 C. pecorum strains obtained by semiautomated solid-phase DNA sequencing (20, 21, (32) (33) (34) 41) , and we provide new information on phylogenetic relationships among all of the Chlamydia species. Signature nucleotides which indicate the stability of the phylogeny and provide a guide for development of PCR-based diagnostic systems based on the 16S rRNA genes of these important bacteria are also presented. The phylogeny of the genus Chlamydia was inferred from 16S rRNA sequences determined in this work and from previously deposited sequences for strains of C. trachomatis and C. psittaci.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The Chlamydia strains used in this study are listed in Table 1 . All strains of C. pneumoniae were cultivated in HEp-2 cells, harvested, and purified as described previously (1, 3) . All DNA templates made from C. pneumoniae strains for PCR amplification were prepared as described previously (3), using alkaline lysis and proteinase K digestion. C. pecorum strains were cultivated in McCoy cells and harvested as described previously (27) . DNA templates made from C. pecorum strains were prepared by resuspending pelleted cells in 0.1 M Tris-HCl (pH 8.0)-0.4% sodium dodecyl sulfate containing 250 g of proteinase K per ml incubating for 3 h at room temperature, followed by heating to 95°C for 30 min to inactivate the proteinase K. DNA templates were frozen until used for in vitro amplification by PCR.
Determination of 16S rRNA sequences. The primers 589 and 590 were used for PCR amplification of the 16S rRNA gene (3) . The PCRs were performed directly from genomic material with 5 pmol of each primer. The thermocycling profile consisted of 30 cycles, with 1 cycle consisting of denaturation at 96°C for 15 s, annealing at 48°C for 30 s, and elongation at 72°C for 60 s. Finally, a 10-min incubation was performed at 72°C. Immobilization of the biotinylated PCR products, followed by strand separation and template preparation, was performed with superparamagnetic beads (Dynabeads M-280 Streptavidin; Dynal AS, Oslo, Norway). The nucleotide sequences from both strands were determined by automated solid-phase DNA sequencing with the A.L.F. DNA Sequencer (Pharmacia Biotech, Uppsala, Sweden). All primers used for PCR and 16S rDNA sequencing are detailed in Table 2 . Protocols for the PCRs and solid-phase DNA sequencing have been described elsewhere (20, 21, (32) (33) (34) 41) . Analysis of 16S rRNA sequences. The sequences determined in this work were edited manually and aligned with a selection of 16S rRNA sequences from relatives of the Planctomyces group, which were retrieved from the sequence collection of the Ribosomal Database Project (RDP) (29) . A secondary structure of C. psittaci (17) was retrieved as a postscript file from RDP (29) and displayed by using the UNIX Ghostview program, for proper identification of stem-loop regions in the alignment procedure. Unsolved positions and gaps introduced in the alignment were removed, and the final data set consisted of 1,228 nucleotide sites which was used for phylogenetic analysis. Phylogenetic trees were calculated by using the neighbor-joining (NEIGHBOR), maximum-parsimony (DNAPARS), and maximum-likelihood (DNAML) programs contained in the Phylogenetic Inference Package PHYLIP 3.52c (9) . Maximum-parsimony tree analyses were also performed with the program PAUP (40) . The neighbor-joining tree was constructed from a pairwise distance matrix calculated under the substitution model of Jin and Nei (23) (transition/transversion ratio [ts/tv] set at 1.0, and gamma parameter [␣] set at 0.65), using the PHYLIP program DNADIST. The parameter values were derived from analysis of the data set using the program PAMP (26) . Other models tested included the Jukes-Cantor model (24) , a modified Kimura two-parameter model (9) , and the F84 model of Felsenstein (9) . Parsimony calculations were done with a uniformly weighted substitution matrix. The maximum-likelihood tree was found by using the F84 model (ts/tv ϭ 1.0) and global rearrangements (using DNAML), and branch lengths were subsequently calculated by the Jin-Nei model (ts/tv ϭ 1.0; ␣ ϭ 0.65) with program PAML (47) . The results from the neighbor-joining and parsimony analyses were subjected to bootstrap analysis (500 resamplings) by using the program SEQ-BOOT.
Nucleotide sequence accession numbers. The sequences of the 16S rRNA genes from the Chlamydia strains investigated in this work have been deposited in GenBank (National Center for Biotechnology Information, Rockville Pike, Bethesda, Md.) under the accession numbers listed in Table 1 .
RESULTS AND DISCUSSION
Nucleotide sequences of 16S rRNA. Direct solid-phase DNA sequencing resulted in an unambiguous determination of about 90% of the 16S rRNA genes in both directions from the Chlamydia strains listed in Table 1 . Because internal primers were used to amplify the target gene, the sequences are incomplete at their 5Ј and 3Ј ends. The sequences obtained ranged between 1,354 nucleotides (nt) for the C. pecorum strains to 1,355 nt for the C. pneumoniae strains. Microheterogeneities (polymorphisms) due to nucleotide differences between the rRNA genes at certain positions were not observed, as recently found in certain strains of mycoplasmas and Bacillus sporothermodurans (32) (33) (34) . This indicated that only one 16S rRNA gene is present in C. pneumoniae and C. pecorum, which is in agreement with recent findings (12) . Moreover, the 16S rRNA sequences obtained from the strains of C. pneumoniae and C. pecorum showed a very high intraspecies similarity. The human isolates of C. pneumoniae showed the presence of two different nucleotide sequences. The difference was due to a variation in only one nucleotide position. Seventeen of the C. pneumoniae strains were found to have a G in position 490 according to the Escherichia coli numbering (6) , and this sequence variant is represented by C. pneumoniae P1 (Parola). The sequences of the remaining eight C. pneumoniae strains of this species originating from humans were identical to the previously published one for this species (i.e., C. pneumoniae IOL207) and therefore not deposited. Interestingly, the equine isolate of C. pneumoniae, strain N16, differed in 13 and 14 positions, respectively, compared with the human strains of this species. At position 1324, the type strain Bo/E8 of C. pecorum had a G, while the other three strains of this species had an adenosine residue. The latter variant is represented by C. pecorum BE.
Additional chlamydial 16S rRNA sequences from strains other than those described in Materials and Methods were deposited in GenBank during the preparation of this manuscript. These sequences were subsequently retrieved for inclusion in our phylogenetic analysis. Since they were found to differ significantly in length, they were not included in the data set for subsequent computation of the final evolutionary distance matrix (see Table 3 ) and phylogenetic tree ( Fig. 1) , with the exception of the near-full-length 16S rRNA gene sequence from "Chlamydia" sp. strain bn9 deposited into GenBank under the accession number Y07556.
Despite these length variations, trees were constructed from sets of short sequences (570 and 850 nt) (data not shown) for comparison with the final tree constructed from the full-length sequences determined in this study and shown in Fig. 1 . Results of these comparisons did not alter the cluster formations presented in Fig. 1 . The strains recently deposited by other investigators with accession numbers (acc. no.) are as follows: C. psittaci GPIC, acc. no. U61768 (570 nt); C. psittaci strain from a pigeon, acc. no. U61767 (570 nt); C. psittaci EAE, acc.no. Z49871 (1,466 nt); C. psittaci W73, acc. no. U61769; C. pecorum VR628, acc. no. U61770 (570 nt); unknown strain, acc. no. I12376 (851 nt); unknown strain, acc. no. I12375 (851 nt); unknown strain, acc. no. I12374 (851 nt); and finally, a strain of C. pneumoniae isolated from a coronary atheromatous lesion, acc. no. S56213 (851 nt), published by Kuo et al. (28) . Moreover, these 16S rRNA sequences were aligned and used for signature nucleotide and unique nucleotide analysis. Their phylogenetic positions are discussed below according to the cluster to which they were found to belong. To facilitate the discussion of characteristic nucleotide positions and cluster analysis, the chlamydial 16S rRNA gene sequences of the species which are represented in Fig. 1 have been supplied as an alignment to E. coli in Fig. 2 .
Phylogenetic analysis of the genus Chlamydia. An uncorrected similarity matrix based on the 16S nucleotide sequences obtained in this work and deposited data from Chlamydia strains, Flexistipes sinusarabici, and selected members of the planctomyces and relatives is shown in the lower triangle of Table 3 . The upper triangle of Table 3 contains distance values corrected for multiple events by the method of Jin and Nei (23) . Since a 16S rRNA sequence from a strain of the genus Simkania and a strain designated "Chlamydia" sp. strain bn9 (acc. no. Y07556) could be retrieved from GenBank, they were included in the phylogenetic analysis. However, they will not be discussed in detail in this work. Overall, the strains belonging to the Chlamydia genus were found to be rather similar to each other by 95% or more except for strain bn9 (Table 3) . Furthermore, the data presented in Table 3 indicate that the Chlamydia spp. are only distantly related to the genus Simkania due to similarity values less than 85.5%. Investigation of the data set revealed that the nucleotide frequencies had a fairly even distribution (average values were 25.7% for A, 21.9% for C, 30.7% for G, and 21.7% for T) and that the average ts/tv rate bias was approximately 1.0. When no bias occurs, the uncorrected value is 0.5. Furthermore, substantial rate variation across sites was observed and described by a gamma distribution (46) . The Jin and Nei substitution model was employed to calculate pairwise distances, since it is the simplest model that can include all these parameters. However, although the distance estimates change with the substitution model used, the topology found with the neighbor-joining method did not change. Figure 1 shows the topology found by maximum-likelihood and maximum-parsimony calculations. The branch lengths were derived by maximum-likelihood calculations with the Jin and Nei substitution model, and the presented bootstrap values were calculated by maximum parsimony from a set of 500 resamplings. The Chlamydia species formed a distinct line of descent with an early branch of the Simkania strain and the strain designated "Chlamydia" sp. strain bn9. The latter two strains constituted a common cluster in all of the constructed trees (Fig. 1) . As judged from the 16S rRNA similarity value (Ͻ90%) in Table 3 , they are most likely to represent strains belonging to different genera. In addition, since "Chlamydia" sp. strain bn9 (acc. no. Y07556) was Ͻ88.4% similar to the four classified species of Chlamydia, the status of this strain in the genus remains to be confirmed. All trees, regardless of substitution model and tree-building method, displayed two main clusters. These clusters are denoted the C. pneumoniae cluster and the C. psittaci cluster and will be discussed in more detail below. The bootstrap analysis indicated a lower value (53%) for one of the forks within the C. psittaci cluster (Fig. 1) . Moreover, the branching order within the C. psittaci cluster differed when analyzed by the neighbor-joining method compared to the tree derived by the maximum-likelihood and maximum-parsimony methods (Fig. 1) . This was because the subcluster of C. pecorum grouped together with the C. psittaci subcluster instead of that of C. trachomatis. Not surprisingly, the actual branching point within the C. psittaci cluster in the neighbor-joining tree was supported by a low bootstrap value (40%). Thus, the position of the C. pecorum strains altered depending on the tree construction method used for phylogenetic computation. The neighbor-joining method tries to find the minimum-evolution tree (37) , and in this analysis, the branching order of the resulting topology using the neighborjoining method was found to have a slightly better score (i.e., shorter total tree length) than the tree topology found by maximum-parsimony and maximum-likelihood analyses. On the other hand, the neighbor-joining tree was found to be two steps longer in parsimony analysis (1,450 versus 1,448 steps) and involved a little more homoplasy (less consistency among nucleotide sites). Furthermore, by comparing the two alternative branching orders by a log likelihood ratio test under the Jin and Nei model using maximum-likelihood calculations, the topology suggested by the neighbor-joining method was rejected at a P ϭ 0.05 level. To further investigate this difference, we decided to analyze the individual 16S rRNA sequences for unique nucleotide positions in order to confirm the branching order. The reliability of the branching order within the C. psittaci cluster will be further discussed below. Table 4 . The nucleotide positions are numbered according to the corresponding positions in the 16S rRNA sequence of E. coli (6) . Shown in Table 4 is the residue found in all Chlamydia strains, the base(s) or base pair(s) found in other taxa, and a list with exceptions (i.e., taxa which share the Chlamydia signature). The large number of signatures facilitate development of DNA probes which are Chlamydia genus specific. Furthermore, a few positions were found to have no exception, thereby following the strict definition of a signature nucleotide. This is rarely seen when performing signature nucleotide analysis on other taxa. One striking motif was found to be a transition occurring at position 526 where the Chlamydia species, including "Chlamydia" sp. strain bn9 (acc. no. Y07556) and the Simkania strain, all have a uridine residue instead of a cytidine which is present in almost all other organisms. The uridine is situated in a highly conserved region of the 16S rRNA molecule and constitutes the unique oligonucleotide CAGCAGCUGCGG UA, starting at position 519 (Fig. 2) . Molecular experiments have lead to the proposal that positions 524 to 526 interact with the bulged residues 505 to 507, forming a three-dimensional fold (36), a recurring motif in the rRNA molecule. This type of formation is called a pseudoknot (reviewed by Gutell et al. [18] ) which implies the occurrence of an interaction between bases within a hairpin loop with unpaired bases of another helix. The pseudoknot which involves the position 526 consists of three canonical base pairs of the C:G type in the 16S rRNA molecule of almost all bacteria. Interestingly, the species belonging to the Chlamydia lineage are characterized by having two canonical base pairs of the C:G type between positions 506 and 507 and positions 524 and 525 and one noncanonical pair of the G:U type between positions 505 and 526 (Fig. 2) . Therefore, not only is this an attribute which is observed in a highly conserved region in the primary structure of the 16S rRNA molecule but it will also probably affect the tertiary folding of the molecule. It is highly likely that the tertiary interaction is slightly weakened in this locale of the 16S rRNA molecule of the Chlamydia spp. compared to other bacteria. The biological role of this undermined structure remains to be shown. However, the functional importance of this part of the ribosomal small subunit in the translational process has been experimentally shown and discussed in previous studies (30, 36) .
Signature nucleotides shared between the genera Chlamydia and Planctomyces are not included in Table 4 . Nevertheless, we will comment upon those published previously. Weisburg et al. reported that about 25 nucleotide positions were shared between C. psittaci and Pirellula (formerly Planctomyces) staleyi (42) . This comparison, performed in 1986, was based on analysis of only 400 sequences of 16S rRNA molecules. Since that time, the total amount of deposited 16S rRNA gene sequences available for retrieval has increased almost 10-fold. However, we found that a similar number of signature positions still characterize the chlamydiae and planctomycetes. The branch of the planctomyces and relatives was found to be supported by 12 signature nucleotides in our analysis. Most of these signatures were analyzed and discussed thoroughly by Weisburg and coworkers due to their effect on the secondary structure of 16S rRNA and occurrence in other taxa (42) . The one exception was found to be the G:C pairs at positions 290 and 310 which were present in all chlamydiae but only in P. staleyi among the planctomyces and relatives. Interestingly, 11 of 12 of the signature positions are situated within a distance of only 315 nt at the 5Ј-end region of the 16S rRNA molecule. The signature positions for the phylum planctomyces and relatives are 47 (38) . Furthermore, the list can be extended by including the positions 359 (C) and 807 (U).
The unique nucleotide positions for the two phylogenetic clusters, the C. pneumoniae cluster and the C. psittaci cluster, are listed in Table 5 . The residues in six of these positions can also be regarded to be signature nucleotides (three positions for each cluster), which further justifies the classification of the genus Chlamydia into two distinct clades. It is striking that more than a third of the nucleotide positions unique to the respective cluster are found in a stretch between positions 1006 and 1022 in the locale of variable region V3 of the 16S rRNA molecule (14) . The locations of these positions in the primary structure of the 16S rRNA molecule and their nucleotide composition are illustrated in Fig. 2 . Secondary structure modeling shows that the actual portion of dense nucleotide information is situated in a stem region which is terminated by a tetraloop starting at position 1013. The nucleotide composition of the loop in this helix follows the main alternative sequence, GAAA, found in the domain Bacteria (45) and is conserved in c Nucleotide composition also found in 16S rRNA gene of "Chlamydia" sp. strain bn9 (acc. no. Y07556). d Residue commonly found among (eu)bacteria. e Nomenclature and abbreviations are according to the RDP (29) . Numbers within parentheses denote the number of sequences in which the residue is found. Abbreviations: MLO, mycoplasmalike organisms; L, Lactobacillus; ␣, ␥, and ε, alpha, gamma, and epsilon subdivisions, respectively, of the purple bacteria; FCB, Flexibacter-Cytophaga-Bacteroides phylum; MWR, mollicutes and wall relatives; TOR, thermophilic oxygen reducers; ATS, atypical treponeme subdivision. both clusters. Moreover, the loop is closed by A ⅐ U, which is the dominant closing pair for this loop in the 16S rRNA molecule of eubacteria (45) . Prediction of the secondary structure of the resulting 16S rRNA molecule from the sequence alignment of Fig. 2 reveals that the juxtaposed stalk differ significantly in GϩC content. The GϩC content is lower in this region for the members of the C. pneumoniae cluster than those of the C. psittaci cluster. The evolutionary events leading to this change of nucleotide composition in this region probably occurred at about the same time and most probably also occurred once, rather than on several independent occasions. The folding pattern in the actual region remains to be shown, but the amount of canonical and noncanonical base pairs between the two clusters is likely to differ.
The signature positions and the unique nucleotide residues presented in this section not only contribute to the likelihood analysis of branching order within the tree but are also useful in development of PCR-based diagnostic systems which can facilitate the detection of these organisms that are difficult to diagnose by cultivation.
C. pneumoniae cluster. The C. pneumoniae cluster contains the human pathogen, C. pneumoniae and the equine isolate N16 (Fig. 1) . The members of this cluster showed tight clustering with a similarity value of Ն98.9% (Table 3 ). The 16S rRNA sequences of the equine isolate N16 differed only by 14 to 15 nt from those of the human strains of C. pneumoniae. Originally, the N16 isolate was classified as a strain of the species C. psittaci, since iodine staining of inclusion bodies was found to be negative (43) . Further characteristics justifying this classification were the morphology of elementary bodies and the plasmid content of N16. Recently, strain N16 was found to be closely related to human isolates of C. pneumoniae in a phylogenetic study based on MOMP gene sequences (39) . Nevertheless, their MOMP gene nucleotide sequences differed by 5.5% from each other, which indicated that the horse isolate, N16, was distinct from the human strains; therefore, Storey and coworkers regarded strain N16 as a member of the species C. pneumoniae. Furthermore, a certain cross-reactivity was observed in antigenic tests against four monoclonal antibodies between the N16 strain and the human isolates of C. pneumoniae (39) . No cross-reaction was noted against antigens of strains from C. psittaci, C. trachomatis, and C. pecorum. These findings are consistent with the phylogeny inferred from nucleotide sequences of the 16S rRNA molecule presented in this work. An appropriate taxonomic challenge would therefore be to classify the strain N16 into a subspecies of C. pneumoniae (e.g., Chlamydia pneumoniae subsp. equi). However, DNA-DNA reassociation experiments must be performed to support this classification or, eventually, elevate strain N16 to a higher rank. The tree in Fig. 1 therefore represents a maximum likelihood phylogenetic placement of strain N16 forming an early branch of the C. pneumoniae cluster supported by the fact that N16 also shares some common ancestral features with C. psittaci as discussed above.
The partial 16S rRNA sequence of two patient samples (acc. no. I12374 and I12375) and a strain of C. pneumoniae isolated from coronary atheromatous lesion (28) were found to be identical with regard to nucleotide sequence length and composition. However, the 851 nt from these strains differed from the human strains P1 (Parola) and TW-183 in two and three The exceptions are restricted to 16S rRNA sequences of major taxa in which the actual residue is found. Nevertheless, the positions furnished with comments are regarded to be nucleotide signatures for the actual Chlamydia cluster, since they are found in Ͻ5% (usually much less) of all deposited sequences. The nomenclature of phylum, genus, and other phylogenetic groups follows that suggested by the RDP (29) . Abbreviations: ␣; alpha subdivision of the purple bacteria; FCB, Flexibacter-Cytophaga-Bacteroides phylum.
positions, respectively. A tree derived from a data set consisting of about 850 nt positions placed the former three strains on the same branch as and close to the human strains (data not shown). Thus, the C. pneumoniae cluster branches into two lineages: the single strain-containing N16 lineage and the lineage which contains human isolates.
C. psittaci cluster. The C. psittaci cluster is composed of the three species C. psittaci, C. pecorum, and C. trachomatis. The tree constructed with the maximum-likelihood method (Fig. 1) indicated an obvious internal cluster instability, as judged from a bootstrap value of only 53%. As discussed above, a different branching order within this cluster was obtained by the neighbor-joining method. This instability was recognized as a conflict of C. pecorum grouping with either C. trachomatis (suggested by maximum-likelihood and maximum-parsimony methods) or with C. psittaci (suggested by the neighbor-joining method). Therefore, the phylogenetic instability regarding the branching order of the species belonging to this cluster was investigated by performing analysis of nucleotide residues at specific sites. The two alternative grouping patterns were compared first by counting the number of residues that supported each alternative in a parsimony tree analysis and second by counting the number of nucleotide residues in a manual signature analysis as follows. Consensus sequences from the strains of the respective Chlamydia species were compiled, and the nucleotide positions which differed between the four species of the genus Chlamydia were investigated with respect to the branching order of its members. A total of 121 aligned nucleotide positions for which all sequences had data were found to differ among the 16S rRNA sequences of Chlamydia spp. (Fig. 2) . Ambiguous positions within the consensus sequences were not used to decide the branching order. The investigated positions were chosen such as being justified from a chlamydial ancestral point of view. Therefore, the branching order was scrutinized by using parsimonious nucleotide residues which resulted in branches of only 1 step in length and which held for both the C. pneumoniae cluster and either C. psittaci, C. pecorum, or C. trachomatis. Therefore, this search for consistency of the actual node involved positions for which only two alternative nucleotide residues were present. In total, there were 12 such positions in the complete alignment, and they are indicated with asterisks in Fig. 2 . Of these, there were seven nucleotide positions (i.e., 132, 139, 165, 190, 191, 606 , and 632) which supported the maximum-likelihood and maximum-parsimony tree topology and four positions (i.e., 443, 1216, 1244, and 1293) which supported the branching order in the neighbor-joining tree. Only one nucleotide position (i.e., 264) clustered C. psittaci with C. trachomatis. For comparison, when counting the number of nucleotide positions that supported the two different alternatives in the parsimony tree analysis, the grouping suggested by the neighbor-joining method was supported by only two positions while the topology derived by maximum-likelihood and maximum-parsimony methods was supported by five positions. Thus, on the level of individual character states, the results were congruent with the statistical analyses presented above. In conclusion, the tree displayed in Fig. 1 had the most supportive evidence in describing the evolutionary relationships among the members of the genus Chlamydia as inferred from 16S rRNA gene sequences.
Previously, C. trachomatis has been found to harbor two rRNA genes of the small subunit (12) . Partial 16S rRNA sequences which consisted of about 550 nt of the U2-to-U5 region (14) were obtained from five human strains of C. trachomatis representing different serovars (data not shown). Strains of the serovars A, C, D, and F shared the same 16S rRNA sequence which was found to be identical to that previously reported for C. trachomatis 434, representing serovar L2. The strain of serogroup L3 was found to differ from strains of serovars A, C, D, and F in two positions in the segment between the U2 and U5 region of the 16S rRNA gene. No polymorphic position was observed for any of the strains in this trachomatis is a homogeneous species with respect to nucleotide variation in the 16S rRNA gene, and it is also highly likely that this species exhibits a low variation between strains isolated from humans, as judged from the near-identical 16S rDNA sequences. Sequence information of the 16S rRNA of the C. trachomatis serovars was not used for construction of phylogenetic trees, and therefore, these sequences have not been deposited in GenBank. Analysis of the recently deposited partial sequences from other chlamydial strains within the C. psittaci cluster further supported the significance of this phylogenetic entity. Only the strains for which 16S rRNA sequence information of 570 nucleotide positions have been deposited showed any nucleotide difference from the strains of the discussed species of this cluster. Two partial sequences of C. psittaci were found to be unique, however, showing few differences from the near-complete sequences of strains 6BC and OEA of this species. The partial 16S rRNA data from C. psittaci strains isolated from a guinea pig (U61768) and a pigeon (U61767) showed three differences from each other and Յ3 positions that differed from strains 6BC and OEA of C. psittaci. However, despite the variation of the 16S rRNA nucleotide sequences among strains of C. psittaci, a tree inferred from a data set consisting of sequences that were 570 nt long showed that the strains of this species grouped tightly together (data not shown).
A striking higher-order structural feature was observed for the species C. pecorum in position 748 of the 16S rRNA molecule. The two different 16S rRNA sequences obtained from the C. pecorum strains were both found to truncate the molecule at position 748 by one nucleotide, an adenosine. This attribute is rarely seen among the eubacteria, since the residue at position 748 is a highly conserved unilaterally bulged residue in the 16S rRNA molecule of the members of this domain.
A partial 16S rRNA sequence of C. pecorum VR 628, which is the same strain as the type strain Bo/E8 investigated in this study, was deposited recently under acc. no. U61770. The sequence which consisted of 570 nt was retrieved and aligned. Comparison with the nucleotide data determined in this study from the 16S rRNA gene of C. pecorum Bo/E8 revealed six discrepancies. The deposited sequence of the C. pecorum Bo/E8 (VR628) showed 5-nt differences compared with that determined in this study of which two were localized to the highly conserved U2 region of the 16S rRNA molecule (14) . Moreover, the higher-order structural feature for C. pecorum presented in this work and characterized by the missing adenosine residue in position 748 did not hold for the deposited partial sequence (U61770). Rechecking these nucleotide deviations, totaling 6, between the near-complete sequence obtained in this work and the 570 nt deposited for C. pecorum Bo/E8 (VR628) confirmed that our sequence is accurate. Our analysis also included a comparison of the conserved nature of the secondary structure of the 16S rRNA molecule in these positions and examination of the consistency with the ribosomal sequences of the other strains of the genus Chlamydia, which supported the veracity of our nucleotide sequences. Surprisingly, there was another 570-nt-long 16S rRNA sequence deposited for C. psittaci W73 (acc. no. U61769) which was found to be identical to the partial one of C. pecorum Bo/E8 (U61770). Cladograms based on 570 nt positions clearly placed these strains close to the C. pecorum strains investigated in this study (tree not shown). In conclusion, we found the deposited data of strain Bo/E8 of C. pecorum (U61770) and strain W73 of C. psittaci (U61769) somewhat confusing and in need of clarification or confirmation. Therefore, we do not, at this point, believe that the recently deposited partial 16S rRNA sequence undermines the C. pecorum data from strains Bo/E8 and BE presented in this work. We also regard the missing adenosine residue in position 748 of the 16S rRNA molecule of C. pecorum to be idiosyncratic for this species until otherwise proven.
Evolution of the genus Chlamydia. Analysis of nucleotide sequences of the 16S rRNA gene has revolutionized bacterial taxonomy based on phylogeny (31) and studies of microbial evolution (44) . Surprisingly little is known about the phylogeny of the genus Chlamydia. In this study we have investigated the phylogenetic relationships between the four presently known Chlamydia species including some strain variants. Sequence data from the 16S rRNA genes were used to reconstruct the evolutionary history within the genus Chlamydia by using different phylogenetic inference methods. The reliability of the suggested tree (Fig. 1) was tested with both statistical analyses and nucleotide signature analysis. Our results suggest that the genus Chlamydia can be regarded as representing two distinct phylogenetic clusters, namely, the C. psittaci cluster and the C. pneumoniae cluster. Both clusters were found to be lines of descendants sharing a common ancestor. Strain N16 shares some of the phenotypical features with those of C. psittaci and has a genotype similar to that of C. pneumoniae, as discussed above, and the early branching off of C. psittaci and strain N16 from their respective cluster are therefore highly likely. Evolutionarily, this indicates that N16 and/or C. psittaci carries ancestral features of the originating species of the genus Chlamydia since they (i) form early branches of their subgroups and (ii) share biological features such as plasmid content, morphology of elementary bodies, and similar iodine staining patterns of inclusion bodies (43) .
